to study glucose and insulin uptake by muscle. In normal subjects at glycaemic levels above 130 mg/ 100 ml, glucose uptake was independent of glucose concentration; it was directly related to insulin concentration but not to insulin uptake. In non-obese maturity-onset diabetic subjects, glucose uptake was dependent on glucose concentration and insulin uptake, but not on insulin concentration. In both groups there was a strong correlation between insulin concentration and insulin uptake; diabetics had a normal insulin uptake in relation to concentration. For a given change in insulin concentration the increase in glucose uptake was as great in diabetics as in controls, but the effect of insulin was mediated through a mechanism involving its uptake. Thus in the non-obese maturity-onset diabetic, forearm muscle is not insulin resistant. The apparent uptake of insulin measured by a radioimmunoassay in relation to its arterial concentration was lower and more variable for heterologous than for endogenous insulin. With a receptor assay the venous insulin concentrations were lower than with the immunoassay and differences in uptake between endogenous and exogenous insulin disappeared. It is concluded that in muscle exogenous insulin was less severely degraded than endogenous insulin.
Summary. A forearm perfusion technique was used
to study glucose and insulin uptake by muscle. In normal subjects at glycaemic levels above 130 mg/ 100 ml, glucose uptake was independent of glucose concentration; it was directly related to insulin concentration but not to insulin uptake. In non-obese maturity-onset diabetic subjects, glucose uptake was dependent on glucose concentration and insulin uptake, but not on insulin concentration. In both groups there was a strong correlation between insulin concentration and insulin uptake; diabetics had a normal insulin uptake in relation to concentration. For a given change in insulin concentration the increase in glucose uptake was as great in diabetics as in controls, but the effect of insulin was mediated through a mechanism involving its uptake. Thus in the non-obese maturity-onset diabetic, forearm muscle is not insulin resistant. The apparent uptake of insulin measured by a radioimmunoassay in relation to its arterial concentration was lower and more variable for heterologous than for endogenous insulin. With a receptor assay the venous insulin concentrations were lower than with the immunoassay and differences in uptake between endogenous and exogenous insulin disappeared. It is concluded that in muscle exogenous insulin was less severely degraded than endogenous insulin.
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A number of studies of the perfused forearm have demonstrated an insulin-stimulated increase in glucose uptake by muscle in normal subjects [1] [2] [3] [4] [5] .
However there is little information on the tissue uptake of insulin and the possible relationship of this to glucose utilization. Butterfield, Garratt and Whichelow [6] measured the tissue uptake of glucose and insulin following intra-arterial injection of 131I-insulin; they found that insulin uptake was directly related to plasma insulin concentration and that glucose uptake was linearly related to insulin uptake. Since this was an acute study in a non-steady state, the "uptake" largely reflected movement into the extravascular space rather than cellular uptake or utilization. Rasio et al. [7] subsequently studied the steady state response to a prolonged (1 hour) infusion of insulin; while again observing a linear relationship between plasma insulin concentration and insulin uptake, they did not find a relationship between cell glucose uptake and either insulin uptake or insulin concentration. These authors also found that intra-arterial injection of glucose led to a fall in arterial insulin concentration. Because of these unexpected findings and because of unusually high and variable blood flow in the subjects studied, we have re-examined the steady-state relationships between glucose and insulin uptake, in normal and diabetic subjects.
Materials and Methods
Studies were made on 9 non-diabetic and 11 diabetic men. A detailed explanation of the goals and procedures of the experiment was given and consent obtained. The non-diabetics were healthy volunteers, aged 40 to 73 (mean + s. e. m. = 54 _+ 5); they had no family history of diabetes or other metabolic disease and took no medications. Standard glucose tolerance tests performed in 6 subjects were normal~ Body weight was 102_+3% of ideal (range 94-107). Preparation of the subjects was as previously described [8] ; a diet containing 250-300 g of carbohydrate was taken for 3 clays preceding the experimental procedure, and no food was taken for 14-15 h immediately preceding the study. Diabetic subjects O012-186X/79/0016/0365/$01.60 • • Dilution curve of serum containing 30 ~tU/ml of endogenous insulin and 100 ~tU/ml of monocomponent insulin were all of the maturity-onset type; they were in good health apart from the diabetes and were leading normally active lives. Pertinent information is shown in Table 1 . All were under treatment with diet, alone or with an oral hypogiycaemic agent; the diet was liberal (225-300 g) in carbohydrate and was not altered prior to the experiment. None had previously received insulin. The last dose of hypoglycaemic drug was taken on the morning prior to the procedure. Body weights of all subjects were within 10% of ideal.
The technique and validity of the forearm perfusion procedure have been described previously [8] . Briefly, blood is sampled from a deep vein draining the forearm muscle and from a vein on the dorsum of the contralateral hand which was warmed to increase blood flow so that the venous blood was "arterialized" [9] ; blood flow was measured by strain-gauge plethysmography [10] . Infusions of glucose and insulin were introduced into an antecubital vein.
Subjects were studied in the basal state and during steady-state periods of hyperglycaemia produced by glucose infusions. Following introduction of the indwelling needles for blood sampling, arterialized blood glucose was measured at 5 min intervals for the remainder of the experiment. After a 30-60 rain rest period to ensure a steady state, blood sampling and blood flow measurements were made. A new glycaemic steady state was then established by an intravenous pulse (0.125 g/kg) and subsequent infusion of 50 g/100 ml glucose solution. A glucose clamp procedure was used to maintain constancy of the plasma glucose concentration [8] . When the plasma glucose had been constant for 1 hour at the new level sampling and flow measurements were made. The rate of infusion was varied from 1 subject to another to achieve a range of plasma glucose concentration and thus of endogenous plasma insulin concentration. In 3 non-diabetic and 2 diabetic subjects a second level of hyperglycaemia was established by a further pulse of glucose and a faster infusion of glucose solution; stabilization at the new level for 1 h was then followed by sampling and flow measurements as before. One subject in each group was studied only in the basal state while observations in the basal state were omitted for 2 non-diabetics and 3 diabetics. Two of the normal and six of the diabetic subjects were given intravenous infusions of monocomponent insulin (0.75 mU/kg/min) with the glucose infusion to extend the range of plasma insulin concentrations during the hyperglycaemic periods.
During each period (basal and hyperglycaemic) sampling of arterialized and deep venous blood and measurements of blood flow were made 3-4 times at 15 rain intervals. Blood flow was first measured 12-15 times over a 5-min interval; immediately following this, while the wrist cuff was still inflated, blood was drawn simultaneously from the deep vein and the arterialized vein into heparinized tubes, for subsequent measurement of glucose and insulin. Glucose uptake and insulin uptake were calculated for each sampling interval; the mean concentration and uptake values for each steady-state period were used in subsequent statistical analyses.
Plasma glucose was measured with an oxygen electrode glucose analyzer (Beckman Instruments) at the bedside during the course of the experiment and the result was subsequently verified by measurement in the laboratory. Plasma insulin was measured by radioimmunoassay (RIA) using a charcoal separation of unbound insulin [11] and in some experiments by a radioreceptor assay (RRA) as well [12] ; the characteristics of the two assays were (for the RIA and RRA respectively): sensitivity, for standard insulin, 0.35 ~tU/ml and 0.5 IxU/ml; sensitivity for plasma insulin, 0.5 IxU/ ml and 0.7 ~tU/ml; precision + 0.3 IxU and _+ 0.4 ~tU at 5 p.U/m.1, + 1.9 ~tU and + 1.6/xU at 25 ~tU/ml, + 2.3 ~tU and --_ 1.8 ~tU/ml at 40 ~xU/ml; between-assay coefficient of variation, 6.1% and 5.7%. Dilution-recovery curves of monocomponent insulin added to whole serum were indistinguishable from the standard curve in both assays (Fig. 1) . The haematocrit was measured on all samples to exclude the possibility of dilution by the saline solutions used for washing out the venous catheters.
The hypothesis tested during analysis of the data was that arterial glucose concentration determines arterial insulin concentration which in turn determines insulin uptake by muscle cells and that both glucose concentration and insulin uptake control glucose uptake. Results were analyzed by the methods of multiple regression [13] and partial correlation [14] . 
Results
All individual results are shown in Table 2 . For the 20 experiments the glucose concentrations were constant within _+ 2 mg/dl of the mean during each period; insulin concentrations were within _+ 1 ~tU/ ml during the basal periods and within + 2 ~tU/ml during hyperglycaemia. Plasma flow was constant within _+ 5% of the mean. These results are in keeping with those reported previously [8] .
Glucose Utilization
The rate of glucose utilization by the whole body during a steady-state period obtained by glucose infusion was taken as the mean infusion rate for that period; these utilization rates were examined in relation to glucose and insulin concentration. The regression of the utilization rate on the two variables was considerably greater in the non-diabetics: for the normal and diabetic groups respectively, the regression coefficients for glucose utilization on glucose concentration were 0.110 and 0.001, and for utilization on insulin concentration, 0.468 and 0.004. The overall difference between the two groups was significant (P < 0.005). Since the average glucose concentrations were similar in the two groups (201 _+ 14 mg/dl and 209 _+ 20 mg/dl for non-diabetic and diabetic groups) an additional estimate of insulin effectiveness was obtained from the ratio, glucose utilization (mg/min/kg)/mean insulin concentration; this averaged 0.18_+0.02 and 0.10_+0.02 (mean _+ s. e.m.) for the non diabetic and diabetic subjects, respectively (P < 0.025). These analyses demonstrate that the diabetic subjects showed insulin unresponsiveness as well as decreased glucose tolerance.
Muscle Uptake of Glucose and Insulin
In the non-diabetics, there was a significant relationship between concentration and uptake for both glucose and insulin (Fig. 2) . The relationship between insulin uptake and insulin concentration in the diabetics is seen in Figure 3 A. When immunoassay values were used for samples obtained during insulin infusion, all estimates of uptake fell below the regression line of uptake on concentration of endogenous insulin and some of the uptake values were clearly negative. Plasma insulin in the samples from the insulin infusion experiments was then measured by the radioreceptor assay, together with 30 randomly selected samples from diabetic and non-diabetic subjects who did not receive an insulin infusion. In the samples from non-insulin infused subjects and in arterialized venous samples from the insulin infused • Endogenous insulin in diabetic subjects. ~, Exogenous insulin in diabetics, o, Exogenous insulin in non-diabetics; two of these are from experiments included in Table 2 subjects the receptor assay gave slightly higher values than the immunoassay (3--4 ~tU/ml); however, in deep venous sera from insulin infused subjects the receptor assay gave distinctly lower values than the immunoassay (mean + s.e.m, of difference = --12_+2 gU/ml). For both diabetics and non-diabetics estimates of insulin uptake based on the receptor assay results were all higher than those based on immunoassay and much closer to the regression line for the non-diabetic data obtained without insulin infusion (Fig. 3B ).
Correlation and Regression Analyses
For each of the two groups, non-diabetic and diabetic, an analysis was made of the data pooled from all experiments, using the receptor assay values of insulin concentration in those experiments in which an insulin infusion had been given. For the nondiabetic subjects (Table 3) , the dependence of glucose uptake on glucose concentration was not statistically significant when the influence of insulin concentration was removed. Glucose uptake was strongly dependent on insulin concentration, but not on insulin uptake as seen when the influence of insulin concentration was excluded.Insulin uptake was highly dependent on glucose uptake and on insulin concentration, but the dependence on each of these two factors was greatly diminished by controlling the other. Insulin concentration was positively correlated to glucose concentration, particularly when insulin uptake was controlled. Partial correlation analysis of data from the diabetics (Table 4) shows two major differences from that of the non-diabetics: (a) the relationship between glucose uptake and glucose concentration was significant even when insulin concentration was controlled; (b) glucose uptake was related to insulin uptake, but not to insulin concentration. As with the normal subjects there was a strong negative correlation between insulin uptake and glucose concentration.
Multiple regression analyses of glucose uptake demonstrated that the influence of glucose concentration was small in both groups of subjects (regression coefficients of 0.001 and 0.002 for non-diabetics and diabetics respectively). In the non-diabetics the only significant determinant of glucose uptake was insulin concentration (regression coefficient 0.006, P < 0.001), while in the diabetics only insulin uptake was effective (regression coefficient 0.013, P < o.ool).
Similar analyses of insulin uptake showed no significant differences between the two groups: for normal and diabetic subjects, respectively, the regression coefficients of insulin uptake on insulin concentration Table 3 alone were 0.312 and 0.416, while for insulin uptake on glucose uptake alone they were 34.66 and 26.27. However, while no interaction between the insulin concentration and glucose uptake was evident in the diabetics, there was strong interaction in the normals (F for interaction significant at 0.001).
From the regressions of insulin uptake and glucose uptake on insulin concentration it can be calculated that unit change in insulin concentration produced changes in glucose uptake of 0.006 mg/min/ 100 ml in the normal subjects and of 0.0054 mg/min/ 100 ml in diabetics.
Discussion
Several authors have previously examined the interrelationships of glucose and insulin in the perfused forearm, particularly with regard to the role of glucose concentration and of insulin concentration as determinants of glucose utilization [1] [2] [3] [4] [5] [6] [7] 15] . Though based on the Fick principle for calculation of glucose uptake, a number of the earlier studies [2, 6, 14] did not meet the criteria for a steady state, which is essential for valid application of the Fick principle. In addition insulin was sometimes given as a single pulse or as an infusion in an amount sufficient to raise the plasma concentration to unphysiologically high levels [1, 2] . More recently, Christensen and Orskov [16] on the basis of experiments in which the glucose concentration was fairly constant, concluded that there was no significant correlation between arterial glucose concentration and glucose uptake in the nondiabetic. Our results, based on the partial correlation after removing the effect of insulin concentration, are in agreement with this. However, in diabetics we found a small but significant dependence of glucose uptake on glucose concentration.
It is possible that in the normal subjects the effect of glucose concentration on uptake was already maximal at levels of glycaemia above approximately 130 mg/100 ml (i. e. the lowest levels obtained with the glucose infusion) while in the diabetics it was not yet maximal even at much higher glucose concentrations. This is compatible with a defect in glucose transport independent of insulin stimulation.
The role of insulin in controlling glucose uptake is more controversial. Zierler and Rabinowitz [17] and Rasio et al. [7] found no effect on glucose uptake of an infusion which increased the arterial insulin concentration up to about 65 ~U/ml, though a definite effect was noted with an infusion rate 10 times greater [17] . On the other hand a linear relationship between glucose uptake and insulin concentration in the physiological range has been reported by Fineberg and Merimee [5] and by Christensen and r [16] . In the present work, in the non-diabetics there was a strong relationship between glucose uptake and insulin concentration, independent of insulin uptake, but any correlation between glucose uptake and insulin uptake was greatly diminished by controlling insulin concentration. This suggests that glucose uptake and insulin uptake are independently related to insulin concentration and that the action of insulin on glucose transport is not dependent on insulin metabolism.
The converse situation obtained in the diabetics: glucose uptake was not related to insulin concentration, but was very strongly dependent on insulin uptake. It is assumed that uptake of insulin involves binding to receptor, followed by degradation; these two processes are separate [18] . It is probable that binding equilibrium is reached quickly under steady state conditions in vivo; continued removal of insulin (uptake) is therefore due to degradation. Our results suggest that normally the action of insulin on glucose transport is related directly to the amount of insulin bound at equilibrium and thus to the extracellular insulin concentration, while in the diabetics a new mechanism links degradation to the glucose transport process: there is no indication from the present work of the nature of this link.
Current concepts of responsiveness to insulin are based on quantitative relationships between insulin concentration and glucose concentration or utilization. It is evident that in the diabetic subjects the increase in glucose uptake produced by a unit increase in insulin concentration is as great as in the non-diabetics, even though the effect is mediated by uptake of insulin. Thus the responsiveness of muscle to insulin is normal despite a decrease in whole body responsiveness. This suggests that other tissues, particularly liver and adipose tissue, may be responsible for the insulin unresponsiveness.
It has recently been reported that sulphonylurea treatment leads to increases in insulin responsiveness and in the insulin binding capacity of isolated liver plasma membrane [18] ; it is therefore possible that the normal insulin uptake and the normal stimulation of glucose uptake in the muscle of the diabetics were the result of prior sulphonylurea therapy. This seems unlikely for serveral reasons: (a) the subjects continued to show decreased whole body responsiveness to insulin, (b) the uptake of insulin in relation to insulin concentration was the same for the subjects treated with sulphonylureas as for those treated by diet alone (data points for the two groups of subjects are randomly distributed in Fig. 3 B) and (c) an increase in insulin binding capacity to normal would not explain the altered relationship between insulin uptake and glucose uptake.
The significance of the finding in both normal and diabetic subjects of a high, negative correlation between glucose concentration and insulin uptake is not clear. There may be an additional factor associated with the high plasma glucose concentration which inhibits insulin uptake; perhaps catecholamines may play such a role.
An unexpected finding in the subjects receiving insulin infusions was the low and variable insulin uptake in comparison to that seen at comparable plasma concentrations of endogenous insulin. It appeared therefore that the metabolism of exogenous insulin was different from that of endogenous insulin. The results obtained with the radioreceptor assay for insulin confirm this. Mild alteration of the insulin molecule leads to loss of ability to bind to receptor without altering immunoreactivity; further degradation leads to loss of immunoreactivity as well [19] . Evidently, in vivo all endogenous insulin is degraded to the point where it is no longer immunoreactive, while part of the exogenous insulin is less severely degraded and retains immunoreactivity. This would lead to an erroneously low estimate of AV difference in the concentration of intact insulin and thus of insulin utilization. These results raise the warning that for some studies on insulin metabolism, the fate of exogenous insulin may not reliably mirror the fate of endogenous insulin.
